An efficient Ugi-type three-component reaction (U-3CR
Introduction
In the past decades, isocyanide-based multicomponent reactions (IMCRs) have proven their value as useful tools for the generation of structurally diverse compound libraries. [1] [2] [3] The 4-alkyl-pyridines 11 over PtO 2 (Scheme 2). [33, 34] The alkylation proceeded very efficiently with primary and secondary alkyl bromides to produce the corresponding 4-alkyl pyridines 11 in Scheme 2. Synthesis of 4-alkylpiperidines 4a-j from 4-picoline 10. [a] Isolated yields over 2 steps. [b] Lower overall yield is due to less efficient double alkylation, the hydrogenation proceeds in all cases in near quantitative yield. [c] 4phenylpyridine could also be used as the starting material in the PtO 2 -reduction step generating 4h in 94 % isolated yield. high yields. The double alkylation with 1,3-dibromopropane and 1,4-dibromobutane using two equivalents of LDA proved successful as well, directly providing the corresponding 4-cyclopentyl-and 4-cyclohexylpyridines. The subsequent hydrogenation of 11 was performed with PtO 2 as catalyst in the presence of HCl to obtain the desired 4a-h as odorless HCl salts (a significant advantage compared to the foul smelling free base liquids resulting from the Wittig strategy). Reduction of pyridines is generally performed under elevated hydrogen pressure and reaction temperature, however we discovered that atmospheric hydrogen pressure at room temperature worked equally efficient to provide piperidinium salts 4a-h in near quantitative yields. Interestingly, the use of 4-phenylpyridine as the starting material for the hydrogenation also provided 4-cyclohexyl piperidine 4h in similar yield through reduction of the conjugated phenyl ring. [35] With the 4-alkylpiperidines 4 in hand we synthesized the corresponding (racemic) Δ 1 -piperideines 5 by NCS-mediated chlorination followed by HCl elimination using ethanolic KOH (Scheme 3). [36] 1 H NMR analysis indicated that the imines were not stable and rapidly formed diastereomeric mixtures of trimers (12) , which made it difficult to assess the kinetics of the process. To validate if these trimers would still be reactive inputs for the U-3CR, we reacted the obtained mixtures of racemic imines 5 and trimers 12 with a set of different isocyanides (13) and carboxylic acids (14, Scheme 4) . Scheme 3. Synthesis of racemic Δ 1 -piperideines 5 and formation of trimers 12.
To our delight, the corresponding pipecolic amides 6 were obtained in generally excellent yields, indicating that the trimerization is reversible under the reaction conditions. In addition, the pipecolic amides 6 were obtained as single diastereomers, regardless of the size of the alkyl group on the piperidine ring. X-ray crystallographic analysis of compound 6q confirmed the expected 2,4-trans-configuration of the pipecolic amides (see Scheme 4 and the Supporting Information). All other pipecolic amides 6 were assigned the same 2,4-trans-configuration by similarity and comparison of 1 H NMR coupling constants.
The scope of the reaction is very broad in terms of both the isocyanide and carboxylic acid inputs. Both primary, secondary and tertiary aliphatic isocyanides yield the corresponding pipecolic amides 6 in decent isolated yields. This includes isocyanides bearing a strongly electron withdrawing α-ester moiety (the α-acidic methyl isocyanoacetate) that give the pipecolic amide products 6e and 6m, albeit in slightly lower yields (69 % and 62 %, respectively) compared to the other isocyanide inputs (76-97 %). The carboxylic acid component can be varied widely as well. We employed acetic and pivalic acid giving the corresponding pipecolic amides in good to excellent yields.
Even carboxylic acids functionalized with a double bond result efficiently in the pipecolic amides 6f, 6j, and 6p. Also, carboxylic acids with R 2 = aromatic (Ph) or benzylic (PMB) are well tolerated in our three-component reaction. The more congested pivalic acid proved to be an advantageous input for NMR analysis. Most U-3CR products appear as rotamers in the NMR spectra due to hindered rotation of the tertiary amide bond. The steric bulk of the tBu group strongly disfavors one of the possible amide conformations, which greatly simplifies the NMR analysis.
The diastereoselectivity of the U-3CR is determined by the attack of the isocyanide on the charged iminium species. Although nucleophilic attack of the isocyanide from the top face is less hindered due the neighboring equatorial H-atom, this can hardly account for the complete trans selectivity observed. However, the observed selectivity can be satisfyingly rationalized by the Fürst-Plattner rules (Scheme 5). [37] The initial Δ 1 -piperideines will, after protonation by the carboxylic acid, most likely adopt the preferred half-chair conformation 5′ with the alkyl substituent positioned pseudo-equatorially.
Nucleophilic attack of the isocyanide (13) may then come from the bottom face (equatorial attack, in red), leading to an Scheme 5. The proposed mechanism of isocyanide attack on the protonated Δ 1 -piperideines 5′ leading to diastereoselective formation of trans-pipecolic amides 6.
disfavored twist-boat conformation I, or from the top face (axial attack, in green), leading directly to a more favorable chair conformation (II). Consequently, the kinetic barrier for an axial attack is much lower than for an equatorial attack, providing exclusively the trans-product. [38, 39] With the broad scope of the U-3CR and selective formation of the 2,4-trans configured pipecolic amides 6 in hand, we envisioned a strategy for the total synthesis of argatroban (Scheme 1C, 3). Argatroban (3) contains four stereocenters, of which the stereochemistry of the 2,4-disubstitued pipecolic amide and the arginine moiety are defined. Two rather similar approaches for the synthesis of 3 have been reported. [40, 41] The first approach, developed by the Mitsubishi corporation, utilizes optically pure ethyl (2R,4R)-4-methyl-piperidine-2-carboxylate (Scheme 6A, 17) obtained from 15 or 16. After optical resolution by crystallization with l-tartaric acid, a lengthy linear sequence of standard protection/deprotection and peptide coupling reactions gave argatroban (3) . [40] Later, Cossy and Bellotti reported an improved synthesis following a similar strategy (Scheme 6B). [41] To avoid the troublesome enantioselective synthesis of pipecolic ester 17 they used the readily accessible racemic pipecolic ester rac-18, which was prepared by α-lithiation of N-Boc-4-methylpiperidine. The resulting 2-lithiated species was quenched with benzyl chloroformate to obtain the corresponding amino ester with high diastereoselectivity in favor of the trans-diastereomer (up to 95:5). [42] Subsequent coupling of 18 to N ω -nitro-l-arginine and separation of the diastereomers by flash chromatography gave optically pure 19. Finally, the synthesis of 3 was completed in a similar fashion as the Mitsubishi synthesis. It should be noted that commercial argatroban (3) is administered as a 64:36 mixture of the 21-(R)and 21-(S) epimers (at the 3-methyltetrahydroquinoline moiety), because the C21 stereocenter is generated in a poorly selective final catalytic hydrogenation step of the quinoline ring (Scheme 6C). [43] Our retrosynthetic analysis (Scheme 1C) shows that next to Δ 1 -piperideine 5a, the functionalized and protected arginine derivative 8 is required. Furthermore, our U-3CR strategy takes advantage of a convertible isocyanide 7 as a starting material resulting in the secondary amide 9 that should undergo selective hydrolysis to the corresponding carboxylic acid. Recently, we developed 2-bromo-6-isocyanopyridine (7) as a universal convertible isocyanide for selective post-transformations of Ugi and Passerini products under mild acidic or alkaline conditions. [30] Piperideine 5a was obtained from commercial 16 by the NCS-mediated chlorination followed by HCl elimination described in Scheme 3. For the NO 2 -protected quinolyl sulfonamide 8a (PG = NO 2 ) we initially envisioned to use (like Cossy and Belotti) N ω -nitro-l-arginine as the functionalized carboxylic acid input for the U-3CR. This should have several advantages. Firstly, the nitro group is much smaller than most other protection groups, improving the overall atom economy. Secondly, the nitro group is one of the strongest electron-withdrawing groups, which completely deactivates the guanidine, resulting in higher yields in the U-3CR. Finally, the nitro group can be removed in the final reaction step simultaneously with the reduction of the quinolone ring. An initial test of the U-3CR/hydrolysis route using 5a, N ω -nitro-l-arginine and our convertible isocyanide 7 indicated that the nitroguanidine group of 9a (PG = NO 2 ) degrades during the hydrolysis step, giving the corresponding primary amine or urea derivatives (as determined by 1 H NMR and HPLC-MS analysis). Therefore, we favored the double Cbz, mono Boc protected arginine 21 as input (Scheme 7), which can also be removed in the final hydrogenation reaction. Thus, the Boc group of 21 was removed by treatment with TFA and the resulting amine was sulfonylated with 3-methyl-8-quinolinesulfonyl chloride (22) in the presence of DIPEA to furnish double Cbz-protected carboxylic acid 8b in nearly quantitative yield. Our diastereoselective three-component pipecolic amide synthesis using 8b in combination with convertible isocyanide 7 and racemic imine 5a [44] gave Cbzprotected U-3CR product 9b in 65 % yield. This nicely demonstrates that our three-component reaction towards pipecolic amides is really robust tolerating even highly functionalized carboxylic acids as well as the less nucleophilic heteroaromatic isocyanides as inputs. The activated amide of 9b, resulting from the 2-bromo-6-isocyanopyridine 7, was hydrolyzed with aqueous NaOH at elevated temperature. Interestingly, the Cbz groups appear sensitive to these reaction conditions, resulting in the quantitative removal of one of the Cbz groups and partial removal of the other. Finally, the quinolone ring was reduced, and the remaining Cbz-group was removed by catalytic hydrogenation (H 2 , Pd/C) to afford argatroban (3) in 83 % yield as a mixture of two diastereoisomers. In order to obtain the (L,R,R)diastereoisomer of 3, the 1:1 mixture of the (L,S,S)-and (L,R,R) Ugi diastereomers 9b was separated by supercritical fluid chromatography (SFC). [45] The desired diastereomer was converted under similar conditions to obtain (L,R,R)-3 as a 36:64 mixture of epimers at the quinolone C21 stereocenter. [46] 
Conclusions
In conclusion, we have developed an efficient and highly diastereoselective U-3CR with Δ 1 -piperideines as versatile inputs. The reaction tolerates chemically diverse isocyanides and carboxylic acids leading to a wide variety of medicinally interesting pipecolic amides. The desired 4-substituted Δ 1 -piperideines were made by a simple chemical oxidation of the corresponding piperidines. These piperidines were synthesized by an alkylation of 4-picoline followed by hydrogenation of the pyridine ring with hydrogen and catalytic PtO 2 in the presence of HCl. As a demonstration of the potential of the U-3CR, we used our methodology in combination with our recently developed convertible isocyanide 2-bromo-6-isocyanopyridine for a very short synthesis of the anticoagulant argatroban (3).
Experimental Section
General Remarks: Unless stated otherwise, all solvents and commercially available reagents were used as purchased. All reactions were performed under air, unless stated otherwise. Infrared (IR) spectra were recorded neat using a Shimadzu FTIR-8400s spectrophotometer and wavelengths are reported in cm -1 . Nuclear magnetic resonance (NMR) spectra were recorded on a Bruker Avance 500 (125.78 MHz for 13 C) or Bruker Avance 400 (100.62 MHz for 13 C) using the residual solvent as internal ( 1 H: δ 7.26 ppm, 13 C{ 1 H}: δ 77.00 ppm for CDCl 3 , 1 H: δ 2.50 ppm, 13 C{ 1 H}: δ 39.52 ppm for [D 6 ]DMSO and 1 H: δ 3.31 ppm, 13 C{ 1 H}: δ 49.00 ppm for [D 4 ]MeOD). Chemical shifts (δ) are given in ppm and coupling constants (J) are quoted in Hertz (Hz) . Resonances are described as s (singlet), d (doublet), t (triplet), q (quartet), bs (broad signal) and m (multiplet) or combinations thereof. Chiral HPLC was recorded using a LC10VP with a SCL-10A VP system controller, LC-10AT VP liquid chromatograph, SPD-M10A VP diode array detector and CTO-10AC VP column oven from Shimadzu. Data was processed using Shimadzu Labsolutions. Semi-preparative reverse phase HPLC was recorded using a LC20 with a CBM-20A communications bus module, LC-20AT liquid chromatograph, SPD-M20A diode array detector, SIL-20A auto sampler, CTO-20AC column oven and a FRC-10A fraction collector from Shimadzu. Melting points were recorded on a Büchi M-565 melting point apparatus and are uncorrected. Electrospray Ionization (ESI) high-resolution mass spectrometry was carried out using a Bruker micrOTOF-Q instrument in positive ion mode (capillary potential of 4500 V). Flash chromatography was performed on Silicycle Silia-P Flash Silica Gel (particle size 40-63 μm, pore diameter 60 Å) using the indicated eluent. Thin Layer Chromatography (TLC) was performed using TLC plates from Merck (SiO 2 , Kieselgel 60 F254 neutral, on aluminium with fluorescence indicator) and compounds were visualized by UV detection (254 nm) and KMnO 4 stain. Protected arginine 21 (Boc-Arg(Cbz) 2 -OH), 3-methylquinoline-8-sulfonyl chloride (22), 4-methylpiperidine (16), 4-phenylpiperidine as well as pyridines 11a and 11e are commercially available and were used as purchased.
Synthesis of 4-Substituted Piperidinium Salts (4)
General Procedure I. Synthesis of 4-Alkylpyridines (11): A flame dried three-neck round-bottomed flask under N 2 atmosphere was charged with a solution of diisopropylamine (5.0 mL, 35.7 mmol, 1.55 equiv.) in anhydrous THF (100 mL). The reaction mixture was cooled to -78°C and a solution of n-butyllithium (1.6 M in hexanes, 21.6 mL, 34.5 mmol, 1.5 equiv.) was added dropwise. After 10 min, the solution was warmed to 0°C and stirred for another 20 min. The solution was cooled again to -78°C and 4-picoline (2.24 mL, 23 mmol, 1.0 equiv.) in anhydrous THF (15 mL) was added dropwise. The resulting mixture stirred for 1 h resulting in a dark red solution. Then the alkyl bromide (23 mmol, 1.0 equiv.) in anhydrous THF (10 mL) was added dropwise at -78°C. After stirring for 1 h, the temperature was warmed to room temperature and stirred overnight. The reaction mixture was quenched with saturated NH 4 Cl(aq.) (50 mL). The layers were separated and the water layer was extracted with EtOAc (3 ×). The organic layers were combined, washed with brine, dried with anhydrous Na 2 SO 4 and concentrated under reduced pressure. The crude product was purified by flash column chromatography providing the alkylpyridines as slightly yellow liquids.
General Procedure II: Synthesis of 4-Cycloalkylpyridines (11g and 11h):
A flame dried three-neck round-bottomed flask under N 2 atmosphere was charged with a solution of diisopropylamine (10.0 mL, 71.3 mmol, 3.1 equiv.) in anhydrous THF (100 mL). The reaction mixture was cooled to -78°C and a solution of n-butyl-lithium (2.5 M in THF, 27.6 mL, 69.0 mmol, 3.0 equiv.) was added dropwise. After 10 min, the solution was warmed to 0°C and stirred for another 20 min. The solution was cooled to -78°C and 4picoline (2.24 mL, 23 mmol, 1.0 equiv.) in anhydrous THF (15 mL) was added dropwise. The resulting mixture was stirred for 1 h resulting in a dark red solution. Then the dibromoalkane (23 mmol, 1 equiv.) in anhydrous THF (10 mL) was added drop wise at -78°C. After stirring for 1 h, the temperature was warmed to room temperature and the resulting mixture stirred overnight. The reaction mixture was quenched with saturated NH 4 Cl(aq.) (50 mL). The layers were separated and the water layer was extracted with EtOAc (3 ×). The organic layers were combined, washed with brine, dried with anhydrous Na 2 SO 4 and concentrated under reduced pressure. The crude product was purified by flash column chromatography providing the cycloalkylpyridines. 
Synthesis of 4-(Isobutyl)piperidine Hydrochloride (4d):
Prepared according to general procedure III from 11d (1.69 g, 12.5 mmol, 1 equiv.). The title compound was isolated as a white solid (2.21 g, 12.5 mmol, 100 %). m.p. 259°C; 1 
Synthesis of the Pipecolic Amides (6)

General Procedure IV: 3-Step Synthesis of the U-3CR Products:
The 4-alkyl piperidinium salt 4 (6.0 mmol, 1 equiv.) was dissolved in water and the pH was increased to >11 by addition of aqueous NH 4 OH (25 % w/w). The resulting solution was extracted CH 2 Cl 2 (2 ×). The organic layers where combined, washed with brine, dried with anhydrous Na 2 SO 4 and concentrated under reduced pressure. The remaining oil was redissolved in CH 2 Cl 2 (25 mL) and the solution was cooled to 0°C. Then, N-chlorosuccinimide (0.82 g, 6.12 mmol, 1.02 equiv.) was added portion-wise (over 5 min) to the solution. The ice bath was removed and the resulting mixture was stirred for 3 h until TLC indicated a clear sign of the chlorinated species (clearly visible under UV at relatively high RF values). Upon completion, the reaction mixture was washed with water (2 ×) and with brine, dried with anhydrous Na 2 SO 4 and concentrated under reduced pressure. The remaining oil was redissolved in CH 2 Cl 2 (15 mL) and slowly added to a solution of KOH (0.71 g, 12.6 mmol, 2.1 equiv.) in EtOH (15 mL) and the resulting mixture was stirred overnight. Upon completion, the mixture was filtered and the filtrate was concentrated under reduced pressure. The remaining mixture was dissolved in CH 2 Cl 2 , washed with water (2 ×) and with brine, dried with anhydrous Na 2 SO 4 and the solvent was removed under reduced pressure to afford the corresponding imine 5. Batches of 1.0 mmol of crude imine were used in the U-3CR reaction without further purification. Thus, in a round-bottom flask, 5 (1 mmol, 1 equiv.) was dissolved in CH 2 Cl 2 (2 mL). Then, the isocyanide 13 (1.2 mmol, 1.2 equiv.) and the carboxylic acid 14 (1.2 mmol, 1.2 equiv.) were added sequentially and the resulting mixture was stirred for 48 h. More CH 2 Cl 2 (5 mL) was added and the resulting solution was washed with saturated aqueous Na 2 CO 3 and with brine, dried with anhydrous Na 2 SO 4 and the solvent was evaporated under reduced pressure. The crude product was purified by flash column chromatography to obtain the product generally as a white solid. N-(tert-Butyl)-4-ethyl-1-(2-(4-methoxyphenyl) acetyl)-piperidine-2-carboxamide (6b): Another 1.0 mmol aliquot of 5b (111 mg, 1 equiv., see preparation of 6a) was then used in the U-3CR together with 4-methoxyphenylacetic acid (199 mg, 1.2 mmol, 1.2 equiv.) and tert-butyl isocyanide (135 μL, 1.2 mmol, 1.2 equiv.) following the general procedure IV. Flash chromatography (cyclohexane/EtOAc = 4:1) provided 6b as an off-white solid (292 mg, 0.81 mmol, 81 %). Two rotamers were present on NMRtimescale in a 1:0.28 ratio. RF = 0.41 (cyclohexane/EtOAc = 2:1); m.p. 90°C; 1 N-Pentyl-1-pivaloyl-4-propylpiperidine-2-carboxamide (6c) : The general procedure IV with 0.98 g (6.0 mmol, 1 equiv.) of 4b gave 0.64 g (5.1 mmol, 85 %.) of 3,4,5,6-tetrahydro-4propylpyridine 5c. An 1.0 mmol aliquot of 5c (125 mg, 1 equiv.) was then used in the U-3CR together with pivalic acid (123 mg, 1.2 mmol, 1.2 equiv.) and cyclohexyl isocyanide (151 μL, 1.2 mmol, 1.2 equiv.) following the general procedure IV. N-(tert-Butyl)-4-butyl-1-(pent-4-enoyl) 
Synthesis of N-Cyclohexyl-4-ethyl-1-pivaloylpiperidine-2-
Synthesis of
Synthesis of N-Cyclohexyl-4-isobutyl-1-pivaloylpiperidine-2carbox-amide (6g):
The general procedure IV with 1.07 g (6.0 mmol, 1 equiv.) of 4d gave 0.75 g (5.4 mmol, 90 %.) of 3,4,5,6tetrahydro-4-isobutylpyridine 5e. An 1.0 mmol aliquot of 5e (139 mg, 1 equiv.) was then used in the U-3CR together with pivalic acid (123 mg, 1.2 mmol, 1.2 equiv.) and cyclohexyl isocyanide (149 μL, 1.2 mmol, 1.2 equiv.) following the general procedure IV. Flash chromatography (cyclohexane/EtOAc = 6:1) provided the 6g as a white crystalline solid (286 mg, 0.81 mmol, 81 %). RF = 0.64 (cyclohexane/EtOAc = 2:1); m.p. 96°C; 1 Benzoyl-N-(tert-butyl) 
Synthesis of 1-
